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Deletion of QcRg, the nuclear gene encoding subunit 9 of the mitochondrial cytoehromc bc, complex in Saccharono,ces cerevisiae, results in 
inactivation of the bc~ complex and inabillity of the yeast o grow on non-fermentable carbon sources. The loss of bet complex activity is due to 
loss of electron transfer activity at the ubiquinol oxidase site (center P) in the complex. Electron transfer at the abiquinone r ductas¢ site (center 
N), is unaffected by the lo~s of subunit 9, but the extent of ¢ytochrome b reduction is diminished. This is the first instance in which a supernumerary 
polypeptide, lacking a redox prosthetic group, laas been shown to be required for an electron transfer reaction within the cytoehrome bc~ complex. 
bc~ complex; Subunit 9; QCCRg; Ubiquinol oxidase; Protonmotive Q cycle 
1. INTRODUCTION 
The cytochrome bc~ complexes of mitochondria con- 
tain 9-11 polypeptides [1], while the counterpart com- 
plexes which have been purified from prokaryotes typi- 
cally contain many fewer subunits [2]. For example, the 
complexes from Paracoecus denitrificans [3] and Rho- 
dospirillum rubrum [4,5] contain only three electron 
transfer proteins, cytochrome bo cytochrome cl and 
Rieske iron-sulfur protein. The additional subunits 
found in the mitochondrial bcj complexes are not 
known to contain any redox prosthetic groups, and 
their functions in assembly and/or catalytic activity of 
the bet complex are not known. Because these polypep- 
tides are numerically in excess of the number known to 
be essential for electron transfer and energy transduc- 
tion in the bacterial bet complexes, we have referred to 
these proteins as 'supernumerary' subunits [6]. 
We recently cloned and sequenced QcRgo the nuclear 
gene encoding the 7.2 kDa subunit 9 of the yeast cyto- 
chrome bc~ complex [7]. Yeast strains in which the chro- 
mosomal copy of QCR9 is deleted are respiratory defi- 
cient (petite), due to an almost complete loss of ubiqui- 
nol--cytochrome c oxidoreduct,'tse activity. The petite 
phenotype resulting from deletion of subunit 9 differs 
from that which results from deletion of other nuclear- 
encoded subunits, in that the subunit 9 deletion strain 
assembles an optically detectable cytochrome bc~ com- 
plex. In contrast, the loss of bc~ complex activity which 
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results from deletion of core protein 1 [8], subunit 7 [9], 
or subunit 8 [10], can be attributed to lack of cyto- 
chrome b and/or incomplete assembly of the remaining 
subunits of the complex. 
The mechanism of electron transfer in the cyto- 
chrome bcj complex is known [11]. To better understand 
the molecular basis for the lack of ubiquinol--cyto- 
chrome c oxidoreductase activity in the be~ complex 
lacking subunit 9, we have examined the presteady-state 
reduction of cytochromes b and c~ in mitochondrial 
membranes lacking this subunit, and used inhibitors 
which block electron transfer at unique sites [12] to 
examine discrete lectron transfer steps within this elec- 
tron transfer complex. Here we report that subunit 9 is 
required for electron transfer from ubiquinol to eyto- 
chrome cl and cytochrome b through the ubiquinoi ox- 
idase site, center P, but is not required for electron 
transfer to eytochrome b through the ubiquinone reduc- 
tase site, center N. 
2. MATERIALS AND METHODS 
The parental yeast strain, W303-1A, the subunit 9 deletion strain. 
J DP 1, and methods for growing tile y~ast were described elsewhere [7]. 
Mitochondrial membranes were isolated with glass beads [13.14]. 
Prior to breaking the cells, 0.5 mM diisopropylfluorophosphate w s 
added to the buffer to prevent proteolysis of the iron~ulfur protein. 
as evaluated by Wcsten~ blots of cytochrome bet complex subunits 
at'ter SDS.PACIE of the mitochondrial membranes. 
To eliminate uncontrolled reduction of the cytochromes by en- 
dogenous substrate, mitochondrial nlembranes were suspended ill 5 
gM phenazine methosulfate. 500/,tM potassium ferricyanide, and 
washed two times with 150 mM KCI. Residual phenazine methosul- 
fate in the membranes caused an ascending baseline in the opti~al 
spectra, but did not mediate a bypass of electrons within tile bc~ 
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complex, as evidenced by the effective blockage of cytoehrome b re- 
duetion by inhibitors in the membranes from the subunit 9 deletion 
strain. 
Reduction of the cytoehromcs was monitored and optical spectra 
recorded on an Aminco DW-2a s~'ctrophotometer equipped with a 
Nicolet disital oscilloscope [3], Mitochondrial membranes were sus- 
pended at approximately 0.25/~M cytochrome ck. Spectra were re. 
corded before and after each reaction to confirm the oxidation-reduc- 
tion status of the cytoehrome~. An analogue of ubiquinol containing 
a 9-carbon sidechain was used as sttbstrate for reduction of cyto- 
chrome ct, which was monitored at 553 vs, 539 am. 2-Methyl-3- 
undecyl-l,4-naphtboquinol was used as substrate for reduction of 
cytochrome b,which was monitored at 564 vs, 575 tam, Antimycin (12 
~M) or methoxyacrylate (20 ~M) were added where indicated. 
3. RESULTS AND DISCUSSION 
Under presteady-state conditions there are two path- 
ways for reduction of cytochrome b [11]. When ubiqui- 
nol is added to fully oxidized bc~ complex, it is preferen- 
tially oxidized by the Rieske iron-sulfur protein, which 
transfers one electron to cytochrome c~ and generates 
a strongly reducing ubisemiquinone anion, which in 
turn reduces the low potential heine of cytochrome b~6. 
The iron-sulfur protein/cytochrome b interfuse which 
catalyzes this oxidant-induced reduction of cytochrome 
b is referred to as center P. 
If reduction of cytochrome b through center P is 
blocked, cytochrome b can be alternatively reduced in 
an iron-sulfur protein-independent reaction in which 
electrons are transferred to the high potential heine of 
cytochrome bse2 at center N. Since b,~6e and b~o~ are 
electronically connected, both can be reduced either 
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Iris. 1, Presteady-state reduction of cytochrome c+ by ubiquinol in 
mitochondrial membranes from yeast in which subunit 9of the cyto- 
chrome bet complex is present or absent. The tracing on tim left shows 
reduction of cytochrome c~ in membranes from the wild-type parent, 
and the traein8 on the risht shows reduction of cytoclarome ct in 
membranes from JDPI, th~ yeast strain in which the nuclear gene 
(QCR9) encoding subunit 9of the cytoehrome bc~ complex, is deleted, 
through center P or center N, provided that the quinol 
substratc is of sufficiently levy potential. 
Presteady-state r duction of cytochrome c~ and oxi- 
dant-induced reduction ofcytochrome b via center P are 
blocked by methoxyacrylates, which, however, allow b 
reduction via center N [15]. Reduction of cytochrome 
b via center N is blocked by antimycin, which permits 
cytochromc c~ reduction and oxidant-induced reduction 
of cytochrome b via center P [16]. 
The tracings in Fig. 1 show cytochrome c] reduction 
by ubiquinol through center P, in mitochondrial mem- 
branes from the parental (W303-1A) and subunit 9 dele- 
tion strains (JDP1). In the parental strain, cl reduction 
is so rapid that the rate (t./, < 100 ms) is masked by the 
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Fi~, 2, Optical spectra of mitochondrial membranes from yeast in which nub.. i t  9 of the cytochromc, bc~ complex is present or absent, after reduction 
of the cytochromes with ubiquinol or dithionite. The tracing on the top left shows the opti~'tl spectrum of mitochondrial membranes from the 
wild-type parental strain (W303-IA), and the tracing on the top right shows the analaEous spectrum ofmitochondrial membi'anes fi om the subunit 
9 deletion strain (JDPI), alter reduction with abiqulnol, The bottom tracings how spectra of the same membranes a above, after reduction with 
dithionite. 
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Fig. 3, Presteady-statc reduction of cytochrome b by menaquinol in 
mitochondrial membranes from yeast in which subunit 9 of the cyto- 
chrome bcj complex is present or absent, showing the effects of bcj 
complex inhibitors on reduction of cytochromc b.The tracings on the 
left are o£ cytochtom¢ b redaction in the wild-type parental strain 
(W303-1A), and those on the right are of b reduction in the subunit 
9 deletion strain (JDPI). The arrows show addition~ of menaquinol 
(QH,), aatimycin (A), or methoxyacrylat¢ (M). 
mixing time (1 s) of the sp~trophotometer. In the sub- 
unit 9 deletion strain the rate ofc~ reduction ismarkedly 
slowed, having a halfotime in excess of 10 s. This result 
suggests that electron transfer through center P is im- 
paired in JDP1. 
Optical spectra taken alter reduction of the bc~ com- 
plex by ubiquinol (Fig. 2) show reduction of cyto- 
chrome c~, evidenced as an absorption peak at 553 rim, 
in both parental and subunit 9 deletion strains. Ubiqui- 
nol also elicits oxidant-induced cytochrome b reduction 
in the parental strain, resulting in an absorption peak 
at 562 nm. This oxidant-induced b reduction is not ob- 
ser,'ed after ubiquinol reduction of the bc~ complex in 
the subunit 9 deletion strain (Fig. 2), confirming that 
electron transfer through center P is impaired in the 
absence of subunit 9. Under the conditions of tho exper- 
iments in Figs. 1 and 2 there is virtually no reduction 
of eytoehrome b via center N, owing to the relatively 
high potential of the ubiquinol substrate, which is fur- 
ther increased by oxidation of ubiquinol by cytochrome 
C I • 
The traces in Fig. 3 show reduction of cytochromo b 
by menaquinol in mitochondrial membranes from the 
parental and subunit 9 deletion strains. Menaquinol 
reduces a greater extent of the cytochrom¢ b than don  
ubiquinol, owing to its ,nore negative oxidation-reduc- 
tion potential, and can reduce the cytochrome through 
either center N or center P. Thus, in the absence of any 
inhibitors, menaquinol reduces cytochrome b in both 
the wild-type and the subunit 9 deletion strains, as 
shown by the top two tracings in Fig. 3. 
The two middle traces in Fig. 3 show reduction of 
cytochrome b when electron transfer through center N 
is blocked by antimyein. Under these conditions eyto- 
chrome b reduction proceeds normally through center 
P in the wild-type bc~ complex. However, in the presence 
of antimycin there is no reduction of cytochrome b 
through center P in the bet complex lacking subunit 9. 
This result confirms the absence of oxidant-induced re-
duction ofcytochrome b inferred from the optical spec- 
trum in Fig. 2. 
If electron transfer through center P is blocked by 
methoxyacrylate, cytochrome b is reduced through cen- 
ter N. This pathway of b reduction remains operative 
when subunit 9 is deleted, as can be seen by comparing 
the bottom right and top right tracings in Fig. 3. The 
amount of cytochrome b reduced by menaquinol in the 
subunit 9 deletion strain, either in the absence of inhib- 
itors or in the presence of methoxyacrylate, is about 
60% of that in the wild-type cytochrom¢ bcj complex. 
This decrease inb reduction ispartly due to re-oxidation 
of the menaquinol reduced b which occurs in the ab- 
sence of subunit 9, which was confirmed by optical 
spectra taken at interv~-Is after reduction of the b by 
menaquinol (results not shown). In addition, it is possi- 
ble that the lack of subunit 9 either specifically damages 
the heme of b~ or breaks electronic ommunication 
between the two homes, such that in the absence of 
electron transfer through center P there is no route for 
reduction of the low potential b~. 
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